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Abstract. ,4n empirical test of the existence of higher order interactions was carried out using four ciliate proto~oans,Pam~itccizlrtz calrdntll+rz, P. bllrsoria, P. oltrrlia, and Rlcpl~a-ristna sp. ,411 four ciliates were cultured individually, and their population histories liere described quite well by the simple logistic equation.
Attempts to explain minor deviations of the data from the logistic by use of the one or two time lag logistic failed. ,4 more complicated time lag phenometlon must be operative.
Every possible pair of the four ciliates \Gas cultured and a trial and error procedure was used to estimate rl, and p of the Gause equations. I n all cases the simple Gause equations seemed adequately to describe the data. All four ciliates were cultured together and compared to predictions made by use of the competition coefficients estimated from pair-wise competition and population parameters estimated from single species population groath. The correspondence between prediction and data suggests that the higher order interactions have slight or no effect on the dynamics of this artificial community.
T h e central goal of community ecology is to abundance of species (number of species with a understand the dynanlics of conlmunity organiza-given number of individuals). tion. RIost likely that goal would be best apMost of the work collcerned with the latter proached from the point of L iew of n~ecl~anism.may be dichotolnized as follows. One series of beginning with basic principles and deducing how papers (Fisher, Corbet, and IYilliams 1933 ; Presconlnlunities should behave. However, such at-ton 1938 , 1962a , b : Hairston and Beq-ers 1951  tempts have in the past been stifled by certain Hairston 1959) emphasizes underlying mathemethodological difficulties, diverting the attention matical distributions and causes of dexiance from of community ecologists toward more empirical these distributions. Another series, stimulated observations. These empirical observations have by llargalef (1957) . and rigorously formalized usually taken the for111 of measuring the relative by Pielou (1966a, b ) , is concerned with measur-' Present address : Department of Biology, rniversity ing the relative abundance of species, usually to of Chicago, 1103 E. 57th Street, Cliicago, Illinois 60637. compare comn~unities to each other.
THE COIIPETITIVE S T RJ C T U R E O F COhIhIUXITIES
There have also been some attempts at buildingeither conceptual or mathematical models of communities using supposedly basic con~ponents. Kendall (1938) has shown how certain patterns of population growth will lead to Fisher's logarithmic series. 1IacArthur (1955) discussed several aspects of community stability as deduced fro111 considerations of energy transfer among populations, and Il'att (1964) later tested some of these ideas. IIacArthur ( 1960) suggested mechanisms whereby lognormal distributions should arise. Hairston, Smith, ant1 Slobodkin (1960) presented a general explanation for the structure of terrestrial conlmunities which stimulated a recent controxersy (IIurdoch 1966 . Ehrlich and Birch 1967 , Slobodkin, Smith. and Hairston 1967 . Garfinkel ( 1967 studied stability properties of theoretical systenls using the Lotka-Yolterra predator-prey equations.
These approaches to community ecology have established the basic attitude for the followingempirical tests. Simple assun~ptions are made, where j # i, k # i, . . . , wz # i, and the Greek letters are interaction coefficients of increasingly higher order, e.g. gijL is the joint effect of species j and k on the ith species. Communities represented by equations ( 1 ) will be called noninteractive communities, and communities represented by equations (2) will be called interactive cornmunities.
Equations ( 1) (noninteractive communities) are fairly tractable and have already led to some rather interesting conclusions about community structure (Levins 1968 , Vandermeer 1968 . On the oiher hand, equations ( 2 ) (interactive communities) are difficult to work with analytically.
The qualitative effects of higher order interactions are made clear in the folloiving discussion. Consider the competitive effect, on one particular species (say species A ) , of adding further species, holding the average a constant and assuming the higher order terms to be negligible. The mean a is held constant in such a wav that each new species overlaps with 25% of species A. If another species is added, species A only occupies 75% of its former niche without competitive pressure. If another species is added only 5070 of its niche is free of competition. In general, as con~petitors accumulate in the system, if the average competition coefficient remains constant, the weight of competition eventually gets so strong that other species cannot make their way into the community.
namely that populations grow according to the logistic equation, and populations on the sanle trophic level obey the Gause equations of competition. I shall be concerned with communities which derive their structure through inter-and intraspecies competition.
The basic Gause competition equations may be extended to include 112 species. The differential equation for the ith species is, (LIacArthur and Lexrins 1967) , where there are ~t species in the community, a,, is the effect of the jth species on the ith species, r is the intrinsic rate of natural increase, N is number of individuals and I( is saturation density. Assumed in the above extension is that there are no higher order interaction terms. That is, we need not write, Now suppose the three way interactions (the 3's in equation ( 2 ) ) are important. Considering again species A, after the addition of another species, as before only 75% of the former niche is occupied without competition. If an additional species is added, part of the niche overlap will be contained in a three way overlap. Thus, instead of having the niche reduced to 50% of its former size, something greater than 5070 but less than 75% of the niche remains free of competition (since a portion of the potential conlpetition is absorbed in the three way interaction).
For illstance, consider a hypothetical organism living in a stream. Suppose specics A occupies the entire length of the stream. Suppose further that experiments are undertaken in which species B and C are added one at a time. If B and C each have X effect on species A, we would expect that the combination of B and C together would have effect 2X. But suppose that the result of B and C competing with A is that in either case A is eliminated only from the upstream section of the stream. It does not matter to species A which of B or C does the eliminating; the fact is, it is being eliminated. Thus, the predicted effect of B and C together on A would be 2 X but the observed effect would be X. Ecology, Vol. 50, No. 3 by two or more species against some other species. The higher order interaction reported by Hairston, et al. (1x9) is an example of a coalition type interaction. Thus, it is not possible at the present time to predict the general effect of higher order interactions except qualitatively. However, it is clear that their effects may be highly significant. It, therefore, would be quite important to discover whether or not they commonly occur in nature.
T h e motivation for undertaking the experiments reported below derives from the foregoing discussion of interactive con~munities. Since several interesting consequences are deducible from the premises of noninteractive communities, it would be desirable to know either the importance of higher orcler interactions in real situations, or the theoretical effect which higher order interactions would have on the consequences derived from the noninteractive assumptions. A s remarked earlier, it is virtually certain that higher order interactions will have an effect on the outconles of the model, but the nature and extent of this effect are difficult to assess owing to the intractable nature of the model when applied to interactive communities. Thus, the simplest approach is to verify the presence or absence of higher orcler interactions in nature, and this is the approach of this paper.
Induction in biology-the implied approach suggested in the above discussion-has often been eased by first studying extremes. If the existence of higher orcler interactions can be demonstrated for a group of species which would be expected on an a priori basis not to exhibit them, it may be safely assumed that such interactions are more or less of universal occurrence. If that group of species does not exhibit higher order interactions, the broad implications for which the experiment was designed are lost.
Obtaining an extreme example and satisfying the basic postulates of the model have been the two guidelines in choosing experimental subjects and situations. Different species of free-living ciliates from different localities seem to satisfy both of these guidelines. Ciliates are simple organisms from the population point of view, and in several cases are known to conform to simple population mathematics, making it likely that most of the basic premises of the model are satisfied.
Therefore, four species of ciliates from four different localities were studied in a laboratory situation. Parameters of population growth were estimated for each species separately. Competition coefficients were estimated for each possible pairwise combination of species. Then all four species were cultured together and compared t o the prediction made on the basis of the simple growth parameters and competition coefficients measured earlier.
Three of the four ciliates, Para~neciunz birrsaria ( P B ) , Parameciuwz aarelia ( P A ) , and Paralncciu~n caudatuwz ( P C ) were obtained from three different localities in the vicinity of Ann A r l~o r , Michigan. The fourth species BlepIzarisi~ta sp. ( B L ) , was obtained from a biological supply house. The Varieties are unknown except for 1' A which is Variety 3.
Culture techniques are those of Sonneborn ( 1950) , with various n~odifications after Hairston and Kellerman ( 1965) . Cultures were maintained at 15°C and all experiments were done at 25°C. All cultures and experiments were kept in darkness-i.e., P B was without effective symbiotic algae.
Experiments were clone in 10-n11 test tubes, filled with 5 n11 of culture. Each day a sample of 0.5 n11 was rapidly removed with a coarse pipette after the test tube had been vigorously shaken. T h e tubes were shaken after a section of rubber glove had been sterilized in hot distilled water and positioned as a covering for the test tube. Verification of the test tube sampling procedure was accon~plished by repeated sampling and subsequent replacement of samples in several groups of test tubes. T h e sampling procedure was extensively experimented with to obtain a reasonably close correspondence between the mean and variance of a set of repeated samples; i.e., to assure a random sampling technique.
Bacterized culture medium was added to each culture to replace exactly the 0.5 n11 which had been removed as a sample. The culture medium had been aged for various lengths of time and was used in an orderly sequence based on this age. This was originally done to introduce a forced environmental oscillation on the experiments. Since absolutely no relationship between food age (food quality) and population growth or competition was observed anywhere in the study, the food source is considered as a co~lstant in this paper.
T h e mathematical model used for the simple population growth experiments was the famil-
where N is the number of individuals, K is saturation population density, and r is the intrinsic rate of natural increase. T h e parameters K, r, and N o were estimated exactly as in Gause (1934) excepting the case of P C in which several points were discarded as wild points for purposes of estimating the parameters-not in plotting the No, which was needed to generate the expected curve. Expected curves were obtained from the recurrence relation given by Leslie ( 1957) ,
Statistical testing of the fit of the data to the model is at best difficult (Smith 1952 ). Leslie's (1957) procedure depends on the assumption of independence of observations from one time to the next. It was obvious by inspection that there was a rather high correlation between times within replicates-i.e., that replicate which had the highest value at time t was most likely to be the replicate with the highest value at time t + 1. Because of this statistical difficulty, and the difficulties raised by Smith (1952) , the statistical testing of Leslie ( 1957) was not used. generally good, except that a systematic deviation of observed from expected is notable. This deviation is biased above the curve at early times, and below the curve at later times. The pattern is reminiscent of that obtained when time lags are added to the logistic equation (Cunningham 1954) . Using the equation of Wangersky and Cunningham (1956) , the value of the reproductive time lag .;I, and density time lag 22 were estimated. Systematic variation in the value of these two parameters provided no improvement of fit. If the deviations of fit are due to a time delay, the relationship is more complicated than that described by Wangersky and Cunningham's equation.
In Figure 2 are shown expected and observed values for PB. Of the four species this is the (Fig. 2) seems to be an adequate representation of the basic trend of population growth in this species. The expected and observed values for P C and P A are shown in Figures 3 and 4 . The fits are obviously excellent and need no further discussion here.
The parameters for population growth for all four species are summarized in Table 1 .
The mathematical methods used here are even more inexact than those used in single s~ecies -A population growth. A smooth curve was drawn by eye through the observed data points, and estimates of a and li, were obtained for each time from 2 to 32, with the equations given by Gause ( 1933),
71N1
The K's and 7's were obtained fro111 the single species experiments. The N's were taken off of the smooth curve, and the derivatives were estimated as
The resultant values of a and p-31 values of each for each of the six competition experimentswere highly variable within experiments. The values were exceptionally extreme at very early times and very late times. Intermediate values of decreasing mean square deviation. The aforementioned variability of PB is reflected in Figure - 5, but appears to be somewhat dampened by the g , presence of BL (Fig. 9) Thus, the six cases of pairwise competition are represented quite well by the basic theory, minor deviations being interpretable as a result of unknown but insignificant frictional coillpollellts or excessive i~lhere~lt variability. Since at least the general trend of the data is in agreement with that of the model, these small deviations most likely will not interfere with the basic hypothesis to be tested. to be negligible.
TIME -
Having estimates of the intrinsic rate of natural increase and saturation density for each species, and estimates of all interaction coefficients on a pairwise basis, it is now necessary to substitute ~n t oequations ( 1)-four-way competition without higher order interactions-solve the equations, and see if the solution agrees with the data obtained from the laboratory experiments. It must be emphasized that up to this point all curies in this paper have been fit. That is, the expected curves are based on the data which they are describing and therefore cannot d eĩ ate too greatly. In the case of four-way competition, however, the expected curves are based on independent estimates of the parameters, estimates which were made from different experiments. As a consequence a reasonable expectation, if higher order -- interactions are not important, is that the fit to the four-way situation is, at best, as good as the fits to the pair-wise competitions. Though it cannot be expected that the four-way competition experiments will fit the model as well as the twoway competition, it is not clear exactly how "good" a fit is necessary to judge a model as being valid. Such a judgment, of course, depends on the purposes for which the model is to be used. In the present case it seems that there are three vaguely distinquishable levels of purpose which might be used in helping to judge the validity of this model. First, if only the equilibrium conditions of the model are needed-say in predicting the maxin~unl number of species in an equilibrium communitywe might only require that the model predict accurately which species will persist and which will ' CA , , , , , , , , , go to extinction. Second, the relative numbers of individuals at any particular point in time nlay be desired-say, in a theoretical study of the relative abundance of species-or, more or less equivalently, the general behavior of the populations within the framework of the larger system must be known-i.e., does species i oscillate, does it tend to be peaked and then drop off fast, and similar general questions. Under this requirement, we accept the model as valid if the general shape of the curves reflects the general trend of the data. Third, we may wish to make very precise predictions with the model such as exactly how much pesticide must be applied at time x to produce y per cent change in species i by time x +a. At this level we require the fit to fourway competition to be almost as good as the fit to the two-way competitions. Certainly these three levels are not discrete, but are merely useful points in a continuum, defined so as to be able to judge the relative validity of the model as applied to a simple community.
In Figures 11-14 matrix of the last section and the r's and K's from the single species population growth experiments. Also shown are the observed data from the fourway competition experiments. Under the first criterion of validation-only the final outconle is desired-the data are described perfectly by the model. T h e model predicts that P B will be extinct ; BL will be at a very low popu- lation density; P A and P C will have higher densities. A s can be easily seen from the figures, the data correspond exactly to these predictions. Likewise under the second criterion the motlel is validated. The general trends are predicted in ever?-case, and the rank order of abundance is as predicted, at virtually all points in time. The general trends of growth, peaking, and decay are predicted fairly accurately. The early peak for P C reflected in the experiments is essentially the JOHS H. VA NDERMEER Ecology, V O~, 3, NO.3 same as that species exhibits in two-way competion (see Fig. 6 , 8, and 10). Finally, consider the third level of validation. Somewhere in between the second and third level the validation becomes questionable. T h e third level requires that precise predictions be made.
T h e three species PC, PA and P B conform quite well, but BL seems to deviate excessively from the expected. However, as discussed previously, it is not sufficient to examine the data and expecttation alone, but they must he considered in the light of the pair-wise experiments, since the correspondence between expected and observed can only be a s good as that of the basic model. I t is for this reason that the mean square deviations were computed earlier (Fig. 5-10 ). In Table 3 are listed the pooled mean squares for each species-pooled over all two-way competitions in which that species was a part-and the mean squares for the same species in four-\\a) competition. The first three species shon very similar mean squares between tvo-way and fourway competition; indeed P A and PI1 are elen better predicted in the case of four-nay than in the case of t\\o-way competition. T h e case of BT2 is soinen hat less encouraging. The nlean iquare is roughly f i~e titnes greater in four-\\ay than in two-way. T h e fact that the experimental points are always greater than predicted, implies that whatever higher order interaction there may be, they act solely to decrease the competitive effect felt by BL. They are noncoalltlon type higher order interactions.
However, it might be argued that ~f one is interested in this 111odel from the standl~oint of the conlrnunitv, it is not reallv valid to coml>are predictions oil a specific basis.
should instead be interested in the general l>erfornlance of the lnodel ill predicting conllnunity dyllamics, T,, this of squares l'ooled Over tn.o-Tvay competition cases was conlputeci as 0.246 and the same pooled over all four-way cases was 0.487, only a two-fold difference. Thus, the four-way model predicted about half as well as the two-way model, implying that, from the point of view of the community as a whole, the higher order interactions are rather unimportant.
T h e above discussion is similar to the problen~ of multiple comparisons tests in statistics. Given a group of means, we wish to test for differences. In setting an error rate we are faced with deciding on the relative importance of pair-wise or experiment-wise rates. That is, is it more important to minimize the probability of making any mistake at all, or the probability that a given pair of means may be judged different when they are truly the same. Similarly in the present context, we are faced with deciding whether we want the model to make predictions about the community as a whole, or about the components of the community. The former criterion provides a single judgment of the model. T h e latter provides as many judgments as there are components.
Thus, if we are concerned with judging the present model under the third criterion-absolutely precise predictions-and if we are interested in the individual components, the noninteractive model is "good" three titnes and "bad" once. On the other hand, it appears to be simply "good" on the level of the whole community.
The conclusions of these e~,)eriments were basically stated in the previous section. However, it might be well at this point to recall statements made earlier about the choice of the experimental system. It was the author's prejudice that higher order interactions are very importallt in nature. Thus, the experimental system was chosen to maximize the chance of not finding higher order interactions, hoping, of course, that even then such interactions would be significant. Then, because of the way the experimental systeln was put together, one could mal<e a fairly po\verful statement about the universal occurrence of higher order interactions in nature. Cnfortunately, the basic models proved to be excellent predictors (i.e.. higher order interactions tlid not seem i nportant), and one can only cite this study as a single example of the insignificallce of higher order interactions.
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